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Abstract 
 
 
Using cross-sectional data from the 2009-2010 and 2013-2014 NHANES surveys 
we examined potential interaction between caffeine consumption, alcohol use, and sleep 
and its relation to bone health, measured using bone mineral density (BMD). The study 
population consisted of 2,405 individuals at least 40 years old who were not taking any 
medications or hormones that would affect bone mineral density. Several factors such as 
smoking status, exercise, dietary intake of calcium, dietary intake of vitamin D, dietary 
intake of phosphorus, presence of arthritis, age, gender and race were considered in this 
project. We found a statistically significant negative linear relationships between femur 
BMD and caffeine consumption and a statistically significant positive linear relationship 
between the estimated risk of major osteoporotic fracture and caffeine consumption for 
both those who did and did not have a previous fracture. We found no evidence of 
interaction between caffeine, alcohol, and sleep in regard to bone health.  
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Chapter One: Introduction 
 
 
 Caffeine has become a mainstay in the everyday lives of many people in the 
United States. Mayo Clinic reports that it is safe for healthy adults to consume up to 400 
milligrams (mg) of caffeine daily, which is roughly equivalent to four cups of coffee, ten 
cans of soda, or two energy drinks (Mayo Clinic, 2017). Caffeine is often used to help 
alleviate fatigue due to lack of adequate sleep and is also used frequently when drinking 
alcoholic beverages to counteract the depressive effects of alcohol (Malinauskas et al, 
2007). The interaction between caffeine consumption, alcohol use, and sleep is common 
in the lives of many individuals in the United States. Thus, there is growing interest in the 
combined health effects of caffeine, alcohol, and sleep levels. There is some present 
research on how pairs of these factors can affect health (e.g., caffeine and sleep, alcohol 
and caffeine, and alcohol and sleep); however, there is little research on how the 
interaction of all three can affect health.  
Research suggests that caffeine, alcohol, and sleep levels each individually have 
some effect on bone health, though the exact effects, magnitude of the effects, and the 
mechanisms by which these factors affect bone health are unclear (Hernandez-Avila et al, 
1991; Maurel et al., 2012; Stone et al, 2006). For instance, high use of caffeine and 
alcohol and an inadequate amount of sleep could affect the bone remodeling processes 
throughout a person’s lifetime, leading to poor bone health later in life  (Swanson et al., 
2017). Bone remodeling is the process that preserves skeletal function by removing old 
	 2 
bone and replacing it with new bone (Katsimbri, 2017). In younger individuals, bones go 
through a bone building process called modeling, but this process is replaced by 
remodeling in adults since their bones are already fully formed and need to slowly be 
replaced in order to maintain bone health (Katsimbri, 2017). Since bone health is not 
typically a concern for individuals under the age of 40 and therefore little screening for 
bone health issues is done in younger adults, any issues caused by long-term exposure to 
these three factors would not be known until later in life and could limit treatment 
options.  
Bone mineral density (BMD) is often used as a measurement of bone health and 
low BMD can increase risk of fractures. BMD that is more than 2.5 standard deviations 
below the mean BMD for a healthy adult in a given population is considered indicative of 
osteoporosis (National Institute of Health [NIH], 2018). An estimated 10 million adults in 
the United States have osteoporosis while another 44 million have low BMD (National 
Osteoporosis Foundation [NOF], 2015). Bone breaks due to these health issues cost an 
estimated $19 billion annually and this cost is expected to increase to $25.3 billion by 
2025 (NOF, 2015).  
The main purpose of this study is to investigate how the interaction of caffeine 
consumption, alcohol use, and amount of sleep affects bone health. Bone health will 
primarily be measured by BMD, but fracture risk will also be considered in secondary 
analysis. We will examine the individual effects of caffeine, alcohol, and sleep on bone 
health as well as paired interactions and the interaction between all three factors. Other 
factors such as age, gender, race, smoking status, physical activity, intake of calcium, 
	 3 
vitamin D, and phosphorus, as well as diagnosis of osteoporosis and arthritis will be 
taken into consideration during analysis. 
 This research will quantify not only individual associations of caffeine, alcohol, 
and sleep with bone health but will fill a gap in current knowledge by examining the 
interaction of all three factors. Given the commonality of high use of caffeine, alcohol 
use, and less than adequate sleep in the United States and given that all three are often 
used together, understanding what their interaction means in terms of bone health could 
be extremely important in the creation of prevention methods and treatment 
recommendations for low BMD and osteoporosis.  Focus on prevention and new 
prevention methods could save billions of dollars on medical treatment for fractures and 
osteoporosis (Lewiecki et al, 2019).  
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Chapter Two: Literature Review  
 
 
Caffeine and Bone Health  
 
 Studies focused on the relationship between caffeine consumption and bone 
health show varied results. A literature review done by Heaney in 2002 showed that out 
of 32 observational studies, 12 had evidence of an association between increased caffeine 
consumption and decreased bone health, as measured by bone mineral density (BMD) or 
by fracture risk in various sites of the body (Heaney, 2002). Throughout the lifetime, 
bones go through a process of building and destroying called remodeling in which 
existing bone is destroyed and replaced with newly formed bone matrix, also known as 
an osteoid, which then undergoes mineralization in order to form new bone (Katsimbri, 
2017). After the osteoid is formed, the process of forming new bone (calcification) takes 
about 90-130 days depending on bone type (Katsimbri, 2017). Heaney hypothesized that 
caffeine could affect bone strength by disrupting the bone remodeling process by 
increasing the effects of phosphodiesterase, which causes bone to breakdown. This 
disruption was observed in studies of rats when caffeine (20mg/kg body weight) was 
given over a period of time (Heaney, 2002). A few studies have been conducted in 
humans. Hernandez-Avila et al. reported a positive association between caffeine intake 
and hip fracture risk in middle-aged women. The relative risk (RR) of hip fractures for 
women who drank at least 817 mg of caffeine a day was 2.95 times the risk for women 
who drank less than 817 mg of caffeine a day (95% confidence interval (CI): 1.18 – 7.38) 
	 5 
(Hernandez-Avila et al, 1991). The researchers did not find statistically significant results 
for the relationship between caffeine intake and forearm fractures. Hansen et al. reported 
that associations between caffeine and fracture risk might vary by fracture site (Hansen et 
al., 2000). The age-adjusted relative risks for wrist fractures, upper arm fractures, and 
total fractures were 1.35 (95% CI: 1.11 – 1.65), 0.68 (95% CI: 0.5 – 0.92), and 1.15 (95% 
CI: 1.05 – 1.27), respectively, for people who consumed at least 503.8mg of caffeine per 
day compared to those who consumed fewer than 503.8 mg per day. In contrast with 
other findings, increased caffeine levels appeared to have a protective effect on upper arm 
fractures while wrist and total fractures had an increased risk. Hansen et al. found no 
statistically significant differences in fracture risk between different sources of caffeine. 
More recent studies continue to have mixed results for the relationship between caffeine 
and bone health. High coffee intake (> 4 cups daily) was associated with lower bone 
density compared to low intake (< 1 cup daily) among older women in a study by 
Hallstorm et al. However, despite the association between caffeine and decreased BMD, 
greater coffee consumption was not associated with greater risk of fracture over 19 years 
of follow-up (Hallstorm et al., 2013). Yuan et al examined the caffeine-BMD association 
with smoking and alcohol consumption as additional exposure variables. After adjusting 
for potential outliers and pleiotropy, i.e., when a single gene affects numerous traits 
creating the appearance of an association, they found a suggestive positive association 
between coffee intake and BMD. Similar to previous studies, the researchers found no 
association between coffee intake and fracture. Overall, the results of studies examining 
the relationship between caffeine consumption and bone health have been mixed. 
However, more accurate measurements of bone health (BMD compared to fracture risk) 
	 6 
allow researchers more insight into the potential association between caffeine and bone 
health. Mixed findings from previous studies also underscore the importance of 
considering other factors, which might modify the association between caffeine and bone 
health. 
Alcohol and Bone Health  
Research suggests that the effects of alcohol consumption on bone health are 
generally dose and duration dependent (Luo et al, 2017). However, similar to the research 
regarding the effects of caffeine, evidence is mixed. Several studies have found a 
positive, dose-dependent association between greater alcohol use and greater risk of 
fracture. Hernandez-Avila et al. provided an insight into the dose-dependent relationship 
in their 1991 study, which measured frequency of alcohol consumption as well as the 
type of alcohol that was consumed. They found a significant trend with greater fracture 
risk associated with greater intake of both beer and liquor. The authors noted that 
increased fracture may be partly due to the effects of intoxication on physical instability 
rather than biological effects of alcohol itself, but nonetheless concluded that there 
appeared to be an association between moderate alcohol intake and greater fracture risk 
(Hernandez-Avila et al, 1991). Hansen et al. found that individuals who consumed at 
least 4g of alcohol a day had a 9% greater risk of fracture compared to those who 
consumed 0g of alcohol a day after adjusting for age. However, when risk of fractures 
was examined at individual sites and after multivariate analysis, they found no 
statistically significant associations between alcohol consumption and fractures. The 
researchers expressed the importance of dosage of alcohol on fracture risk. Extremely 
high doses of alcohol were associated with an increased risk while there was some 
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evidence to suggest that moderate alcohol intake may be beneficial in maintaining bone 
mass and overall bone health in post-menopausal women (Hansen et al., 2000). Maurel et 
al. conducted a literature review, which examined many studies that aimed to understand 
the relationship between alcohol and bone health. Some of these studies measured 
alcohol consumption by using three levels: light, moderate, and heavy. The cutoff points 
for these levels varied between studies as did the types of alcohol that were examined. In 
general, studies found that alcohol was deleterious to bone health at high consumption 
levels (more than four drinks per day) (Maurel et al., 2012). Some studies reported 
potential benefits for bone health from light alcohol consumption, further emphasizing 
the impact of dosage on the relationship between alcohol and bone health (Maurel et al., 
2012). Based on their review, Maurel et al. recommended that women should limit 
themselves to one glass of alcohol per day and men should limit themselves to two 
glasses per day in order to prevent bone health issues. Other researchers took a different 
approach and measured bone health primarily using BMD.  Gaddini et al. reviewed these 
studies and found that light to moderate alcohol consumption often resulted in increased 
BMD. They also found that heavy alcohol consumption was commonly associated with 
decreased BMD and increased fracture risk (Gaddini et al., 2016). The researchers 
concluded that the effect of heavy alcohol consumption on bone remodeling is unclear; 
however, prolonged decreases in BMD could potentially prevent the creation of strong, 
fully formed bone, which could in turn lead to increased fracture risk. Since the process 
of bone remodeling occurs more frequently in aging men and women, they may be a 
higher risk population for fracture if long-term alcohol use has weakened their bones over 
time (Katsimbri, 2017).  This is especially concerning since chronic alcohol consumption 
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has detrimental effects on bone (Luo et al., 2017). Based on previous research and the 
cellular processes of both bone and alcohol, Luo et al. recommended that further research 
into this relationship could lead to therapies that could potentially help in correcting any 
imbalance in the bone remodeling process as well as prevention (Luo et al., 2017). These 
mixed results suggest that it is important to consider different bone health outcomes (e.g., 
BMD vs fracture risk), different outcome sites (e.g., hip, femur, forearm), and different 
exposure characteristics (i.e., duration, frequency and type of alcohol consumption) when 
studying this association. The current study will consider various bone health outcomes, 
including BMD and fracture risk at several different sites, as well as different measures 
of alcohol exposure in order to improve upon previous studies. 
Sleep and Bone Health 
The relationship between sleep and bone health has been examined in a few 
studies in humans, with inconsistent results. In a prospective cohort study, Stone et al. 
reported that women who slept 10 hours or more in a 24-hour period were at increased 
risk of non-spinal fractures  (hazard ratio (HR) 1.29, 95% CI 1.07, 1.56) compared to 
women who slept less than 10 hours, after adjusting for age. After multivariate analysis, 
they found that sleeping less than 10 hours still has an increased risk non-spinal fracture 
but that this result bordered on statistically significant (Stone et al, 2006). They, also, 
found that as sleep increased past their reference level of 8 to <9 hours, the risk for 
fractures and falls was greater.  
Other studies measured bone health using BMD and assessment of osteoporosis. 
Sasaki et al. assessed osteoporosis by using the bone stiffness index (SI) via ultrasounds. 
They found that the correlation between time spent in bed and SI was -0.64, indicating a 
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moderate negative relationship (Sasaki et al, 2016). Sasaki et al. found that more time in 
bed did not increase risk of low bone mass and potential fractures. Lucassen et al. also 
found that sleep duration did not have an effect on the risk for osteoporosis but those who 
rated their sleep quality that as ‘fairly or very bad’ instead of ‘very good’ had 2.53 (95% 
CI: 1.16, 5.51) times the odds of osteoporosis (Lucassen et al., 2017). They concluded 
that measures of sleep quality, such as total PSQI score and self-reported sleep quality, 
were consistently associated with musculoskeletal health (Lucassen et al, 2017). An 
intervention study by Swanson et al. examined bone resorption, bone formation, and 
osteocyte function, before and after 3 weeks of sleep restriction. Sleep was restricted to 
5.6 hours per 24-hour period. They found that bone formation indicators were lower after 
sleep was restricted compared to baseline measurements (Swanson et al, 2017). This 
decrease was more apparent in younger men compared to older men indicating that 
chronic sleep issues could continue to diminish bone formation into later life with very 
few treatment options in older individuals whose bones may not be affected by treatments 
as easily (Swanson et al. 2017). They also found that bone formation decreased after 
sleep restriction, but bone resorption was unchanged, meaning that though new bone was 
not being formed, old bone was still being destroyed as normal, leading to low bone 
density (Swanson et al., 2017). They concluded that disruption of the circadian cycle and 
sleep restriction may be most damaging to bone in early adulthood (Swanson et al., 
2017). Results from various studies are inconclusive at this time but they suggest that 
sleep duration that is too long or too short is associated with low BMD/osteoporosis or 
fracture (Swanson et al., 2018).  
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Biologic evidence suggests that sleep may play an important role in determining 
bone health.  Since bone remodeling is responsible for the repair and growth of new 
bone, this process is likely triggered when a person is asleep as part of their night 
processes (Swanson et al., 2015).  Proper sleep is important for the formation of strong, 
healthy bone. However, given the mixed findings noted above, where both too little and 
too much sleep is associated with poorer bone health, what constitutes proper sleep with 
regard to bone health is unclear. When assessing the relationship between bone health 
and sleep, long-term sleep practices, sleep duration and sleep quality may all need to be 
assessed in order to gain a thorough insight. 
Interactions between Exposures  
 
 The interaction of caffeine, alcohol, and sleep are of interest in this project since 
caffeine and alcohol are commonly used together and are both related to sleep quality and 
duration. A 2007 study by Malinauskas et al. observed that 67% of participants used 
caffeinated energy drinks to treat tiredness brought on by insufficient sleep and 54% used 
caffeinated energy drinks to mix with alcohol. Though their study population was young 
adults, the connections between caffeine, alcohol, and sleep have long been observed and 
studied in various age demographics and populations. The relationships between alcohol 
and caffeine, sleep and caffeine, and between alcohol and sleep have been well 
documented. For example, a 1984 observational study found that regardless of race and 
gender, heavy alcohol drinkers (> 6 drinks per day) were nearly twice as likely to be 
heavy coffee drinkers compared to those who did not drink alcohol (Istvan and 
Matarazzo, 1984). This relationship continues to be seen in more recent studies as a 2010 
study found that individuals consumed significantly more alcohol when caffeinated 
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energy drinks were also being consumed (Price et al., 2010). Price et al. believe that there 
was a possibility that any drug, which acted as a stimulant regardless of its 
pharmacological use, may lead to increased alcohol intake (Price et al., 2010).  
A similar relationship has been observed between caffeine and sleep, as caffeine 
consumption is associated with insufficient sleep duration (Chaudary et al., 2016). 
Research has examined whether insufficient sleep leads to increased caffeine usage or 
vice versa. It was concluded that caffeine used as a stimulant during the day could disrupt 
sleep during the night and this disruption could affect alertness the following day, leading 
to more caffeine intake during the day creating a vicious cycle of insufficient sleep and 
caffeine consumption (Chaudary et al., 2016).  Further research suggests that older adults 
may be more sensitive to sleep-related effects of caffeine compared to younger adults, 
meaning that the sleep/caffeine cycle could be more drastic in older adults compared to 
younger adults (Clark and Landolt, 2017). Sleep duration reduced by caffeine 
consumption has been seen across age groups, using both subjective and objective 
measures (Clark and Landolt, 2017).  
The relationship between sleep and alcohol use has been found to be dependent 
on acute or long-term use (Colrain, Nicholas, and Baker, 2014).  Though alcohol initially 
acts as a sedative, the effect wears off in a few hours, resulting in disturbed sleep 
(Colrain, Nicholas, and Baker, 2014).  Long-term alcohol use was found to be associated 
with major sleep problems. Individuals with a history of excessive alcohol use (i.e. 
alcoholics) tend to experience long-term sleep disruptions, such as insomnia and vivid 
dreams, which can continue in times of sobriety where alcohol is no longer being 
consumed, these disruptions can potentially lead to a relapse in alcohol use for its brief 
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sedative effect (Colrain, Nicholas, and Baker, 2014). This alcohol/sleep cycle could 
potentially interact with the previously mentioned sleep/caffeine cycle, especially due to 
the link between alcohol use and caffeine use. However, there is very little research that 
has been done on the interaction between caffeine, alcohol, and sleep. Even less research 
has been done on how the interaction of these three can affect bone health.  
While associations with caffeine, alcohol, and sleep have individually been seen 
in regard to bone health, very little research has been done on the interaction of these 
variables and bone health. Hansen et al. examined the interaction between caffeine and 
alcohol and its effect on bone health and found no statistically significant interaction. 
Other studies that examined caffeine and alcohol use, caffeine use and sleep, or sleep and 
alcohol use and their relationship to bone health did not assess interaction in their 
analysis. Due to the relationship to one another and cyclic nature of these variables, 
analysis of their interaction could provide vital information into their relationship with 
bone health. 
Other Factors  
  
 There are a number of factors, which must be considered when studying the 
interaction of caffeine, alcohol, and sleep on bone health. These factors are behavioral, 
nutritional, or conditional in nature. The two behaviors that are of most interest in this 
project are smoking and physical activity. Smoking has long been shown to be associated 
with alcohol use. Heavy drinkers, regardless of race and gender have been found to be 
two to three times as likely to be cigarette smokers compared to non-drinkers (Istvan and 
Matarazzo, 1984). More recent studies, such as Yuan et al. have continued to link 
smoking and alcohol use, often using both as variables of interest or by adjusting for 
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smoking in alcohol related analysis. Research has also drawn a connection between 
caffeine consumption and smoking. Freidman et al. found that regardless of gender, there 
was a strong relationship between cigarette smoking and high caffeine consumption. 
These connections bring the relationship between smoking and bone health into question. 
Ward and Klesges found that smoking was associated with a greater rate of bone loss 
regardless of any difference in body weight between smokers and nonsmokers (Ward and 
Klesges, 2001).  Through the use of various research designs smoking has consistently 
been shown to have negative effects on bone health (Breitling, 2015). Research has 
shown that smoking intensity was significantly associated with decreased BMD in older 
adults (Strozyk, Gress, and Breitling, 2017). Various longitudinal studies have shown that 
smoking has a dose-response relationship with bone loss as seen in the meta-analyses of 
Ward et al (Yuan et al, 2019). Smoking status has the potential to be a confounder in this 
project, especially due to its association with caffeine and alcohol consumption.  
Physical activity is also a factor that could affect bone health and may be related 
to the exposures of interest. Many studies have shown that weight-bearing exercises 
should be performed to maintain bone mass and increase bone strength in middle-age and 
older-age individuals (Santos, Elliot-Sale, and Sale, 2017). The United States (U.S.) 
Department of Health and Human Services (HHS) recommends muscle-strengthening 
activity as a way of increasing bone strength (U.S. HHS, 2018).  
The role of certain vitamins and minerals will also need to be considered, such as 
calcium, vitamin D, and phosphorus. While calcium was long thought to be a big 
contributor to bone health, recent research has found that increasing calcium intake using 
dietary or supplemental sources produces small increases in BMD, which are unlikely to 
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lead to a clinically significant reduction in fracture risk in adults aged 50 years or older 
(Tai et al., 2015). However, since they saw that increasing calcium intake using dietary 
sources slightly increased BMD across all areas of the body except the forearm it could 
still affect the results of this project and will be considered (Tai et al., 2015). Vitamin D 
was also previously thought to be beneficial to bone health, however positive effects of 
increased vitamin D on BMD and fracture rates have not been observed in adults in 
recent studies with large samples where vitamin D was administered (Reid, 2017). 
However, in studies like Chapuy et al., when baseline vitamin D levels were taken into 
consideration, in cases where vitamin D levels were described as deficient (<25nmol/L), 
vitamin D intervention has a beneficial effect on BMD and fracture (Reid, 2017). It has 
been hypothesized that there is a minimum requirement for vitamin D and calcium, but 
once this is met the body disposes the excess to prevent extra or excessive calcification in 
the body (Reid, 2017). As for phosphorus, an excess of dietary phosphorus has been 
observed in nearly all age groups in the U.S. (Vorland et al, 2017).  This excess is of 
concern since “the impact of high dietary phosphorus on bone health appears to be 
compounded by prevalent low calcium intakes in the U.S,” which could lead to 
deficiencies that could lower BMD (Vorland et al., 2017). 
 Additional confounding factors that will be considered are the presence of 
arthritis and race. Research indicates that patients with rheumatoid arthritis (RA) are 
more likely to develop osteoporosis and that RA patients, regardless of age, had lower 
BMD and osteoporosis (Makhdoom et al., 2017). Though most research has seen 
associations with caffeine, alcohol, and sleep and bone health regardless of race, higher 
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caffeine consumption has been seen in those who self-reported as white, therefore race 
will also be included this project (Chaudhary et al., 2016).  
Summary 
 
 There is evidence of a cyclic association between sleep duration and caffeine 
consumption as well between sleep duration and alcohol use. There is also evidence of a 
general association between alcohol use and caffeine consumption. Each of these factors 
has individually been linked to bone health, though the exact nature of their joint 
relationships with bone health is not definite or fully understood. Therefore, further 
research on the interactions between these factors in relation to bone health is warranted.  
Several factors such as smoking status, physical activity, intake of calcium, vitamin D, 
and phosphorus, presence of arthritis, and race will also need to be considered in this 
project.  
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Chapter Three: Methods 
 
Study Design  
 In this study, we used cross-sectional data from the National Health and 
Nutritional Examination Survey (NHANES). NHANES is conducted annually to collect 
data on the health and nutritional characteristics of the U.S. population. Data were taken 
from the surveys conducted in 2009-2010 and 2013-2014. NHANES is conducted 
through interviews, questionnaires, physical examinations, and laboratory tests. 
NHANES provides a nationally representative sample of the U.S. population at the time 
of survey. Participants who reported taking medication that affects bone health, such as 
Raloxifene, Zoledronic acid, Alendronate, Risedronate, Ibandronate, Tamoxifen, and 
estrogen were excluded from the sample. The sample consisted of participants aged 40 
and above of all races and genders. The age restriction was due to the 2013-2014 cycle of 
NHANES only performing bone mineral density scans on participants who were at least 
40 years old at the time of the survey. Figure 2.1 demonstrates how the sample 
population was formed from the NHANES population.  
Measurement of Exposure 
 In this study, we considered caffeine intake as the average self-reported intake 
(mg/day) of caffeine recorded at two time-points.  The first measurement of total caffeine 
intake was ascertained from self-report during face-to-face interview while the second 
measurement was taken three to ten days later via telephone. Participants were asked to 
	 17 
report what they had consumed the day before the interview. Participants were given 
various measurement guides (i.e., ruler, cups, spoons, circles, glasses, etc.) in order to 
help the participants accurately recall the amount of each food or beverage that they had 
consumed (NHANES, 2013-2014). This is a similar method to the measurements used by 
Chaudhary et al. in their study regarding caffeine using NHANES data from the 2007-
2008 survey. These caffeine intakes were then sorted into five categories: 0 mg/day, 0 < 
100 mg/day, 100 < 200 mg/day, 200 < 300 mg/day, and 300+ mg/day. These categorized 
were based on the general average amount of caffeine in a single cup of coffee, 95 mg, 
which was rounded to 100 mg (USDA, 2009).  
 
 
Figure 2.1: Flow chart demonstrating change in 
size of study population by various exclusion 
criteria. 
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2014																						
(N	=	10,175)	
Merged	Datasets	
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After	Age	
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Restriction											
(N	=	20,676)	
After	Missing	
Values	Removed						
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Medication	Users											
(N	=	36)	
Ages	<	40	Years											
(N	=	12,762)	
Missing	Values	
for	Main	Factors						
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Measurement of Outcome 
 Bone health was measured through bone mineral density (BMD) scans of the 
femur and spine and the estimated 10-year risk of fracture (FRAX scores). Other 
contributing factors to bone health, such as past fractures, were considered in secondary 
analyses. BMD scans, FRAX scores, and fracture assessment were collected during 
physical examination using dual energy x-ray absorptiometry (DXA) on participants ages 
40 and older. BMD was categorized into two levels, Normal BMD and Low BMD. A 
secondary outcome variable was also created by dividing BMD into three categories of 
Normal BMD, Low BMD, or Osteoporosis BMD. However, no participants had 
osteoporosis level spine BMD. Therefore, only femur BMD was analyzed using the 
three-level BMD categories. Logistic regression methods were used for the analysis of 
the two-level outcome variable while multinomial logistic regression methods were used 
for the three-level outcome variable. Category cut points were determined using the 
guidelines placed by the World Health Organization (WHO, 2007). Low BMD has been 
defined as being 1-2.5 standard deviations from the average BMD of Caucasian women 
aged 20-29 years from the NHANES population survey conducted in 2009-2010. 
Osteoporosis has been defined as being > 2.5 standard deviations from the average BMD 
of Caucasian women aged 20-29 years from the NHANES population survey conducted 
in 2009-2010. FRAX scores are presented as the 10-year probability (%) of fracture. 
FRAX scores take several risk factors into consideration (e.g., age, gender, height, 
weight, smoking status, arthritis, femoral BMD, etc.) (NHANES, 2013-2014). FRAX 
scores were calculated for risk of hip fracture and major osteoporotic fracture and were 
calculated separately for those who had a previous fracture and those who did not. FRAX 
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score information was only available for the 2013-2014 NHANES survey. The range of 
scores for individuals who had a previous fracture were 0 – 53.08% for hip fractures and 
1.32 – 64.78% for major osteoporotic fractures. The range of scores for individuals who 
did not have a previous fracture were 0 – 29.03% for hip fractures and 0.67 – 39.82% for 
major osteoporotic fractures. Presence of osteoporosis was reported using questionnaire 
data, which assessed fracture history, previous diagnosis, family history of osteoporosis, 
and treatment for osteoporosis. The demographics of the sample population are presented 
in Table 2.1 and Table 2.2. 
 
Table 2.1: Demographics of study participants by two level bone mineral 
density categories by scan site    
  
Spine Bone Mineral 
Density (BMD)  
Femur Bone Mineral 
Density (BMD)  
      
 
Total 
Participants Low BMD Normal BMD  Low BMD Normal BMD          
Age Group (years)        
40 - 49 995 27 968  68 927  
50 - 59 629 39 590  70 559  
60 - 69 498 52 446  96 402  
70 - 79 205 26 179  50 155  
80 or older 78 14 64  30 48  
Total 2405 158 2247  314 2091          
Race        
Mexican American 372 30 342  36 336  
Non-Hispanic Black 433 13 420  48 385  
Non-Hispanic White 1190 73 1117  178 1012  
Other Hispanic 229 25 204  32 197  
Other Race or Multi-
Racial 181 17 164  20 161  
Total 2405 158 2247  314 2091          
Gender        
Male 1200 45 1155  53 1147  
Female 1205 113 1092  261 944  
Total 2405 158 2247  314 2091          
Education Level        
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Less than 9th grade 188 22 166  22 166  
9-11th grade 280 22 258  50 230  
High School 
graduate/GED 522 33 489  70 452  
Some college or AA 
degree 684 42 642  95 589  
College graduate or 
above 727 38 689  76 651  
Refused 2 0 2  0 2  
Don't know 2 1 1  1 1  
Total 2405 158 2247  314 2091          
Marital Status        
Married 1528 97 1431  160 1368  
Widowed 145 18 127  47 98  
Divorced 351 25 326  57 294  
Separated 76 3 73  5 71  
Never married 201 7 194  33 168  
Living with partner 103 8 96  12 91  
Refused 1 0 1  0 1  
Total 2405 158 2247  314 2091          
Annual Household 
Income        
$ 0 - 4,999 37 2 35  5 32  
$ 5,000 - 9,999 59 3 56  13 46  
$ 10,000 - 14,999 133 13 120  31 102  
$ 15,000 - 19,999 115 12 103  27 88  
$ 20,000 - 24,999 167 15 152  28 139  
$ 25,000 - 34,999 216 14 202  27 189  
$ 35,000 - 44,999 206 22 184  31 175  
$ 45,000 - 54,999 181 12 169  28 153  
$ 55,000 - 64,999 146 7 139  17 129  
$ 65,000 - 74,999 117 4 113  8 109  
$75,000 - 99,999 265 10 255  23 242  
$ 100,000 and Over 574 27 547  56 518  
Refused 55 8 47  6 49  
Don't know 23 2 21  3 20  
Total 2294 151 2143  303 1991          
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Table 2.2: Demographics of study participants for three level femur bone mineral density 
categories     
   
Femur Bone Mineral Density 
(BMD)  
  
Total 
Particip
ants   
Osteopor
osis 
Low 
BMD  
Normal 
BMD 
Age Group 
(years) 
 
    
40 - 49 995  31 37 927 
50 - 59 629  20 50 559  
60 - 69 498  32 64 402  
70 - 79 205  16 34 155  
80 or older 78  3 27 48  
Total 2405  102 212 2091  
Race       
Mexican 
American 372  11 25 336  
Non-Hispanic 
Black 433  35 13 385  
Non-Hispanic 
White 1190  46 132 1012  
Other Hispanic 229  7 25 197  
Other Race or 
Multi-Racial 181  3 17 161  
Total 2405  102 212 2091  
Gender       
Male 1200  78 183 944  
Female 1205  24 29 1147  
Total 2405  102 212 2091  
Education Level       
Less than 9th 
grade 188  7 15 166  
9-11th grade 280  16 34 230  
High School 
graduate/GED 522  28 42 452  
Some college or 
AA degree 684  36 59 589  
College graduate 
or above 727  15 61 651  
Refused 2  0 0 2  
Don't know 2  0 1 1  
Total 2405  102 212 2091  
Marital Status       
Married 1528  52 108 1368  
Widowed 145  14 33 98  
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Divorced 351  18 39 294  
Separated 76  1 4 71  
Never married 201  13 20 168  
Living with 
partner 103  4 8 91  
Refused 1  0 0 1  
Total 2405  102 212 2091  
Annual 
Household 
Income       
$ 0 - 4,999 37  1 4 32  
$ 5,000 - 9,999 59  5 8 46  
$ 10,000 - 14,999 133  12 19 102  
$ 15,000 - 19,999 115  7 20 88  
$ 20,000 - 24,999 167  9 19 139  
$ 25,000 - 34,999 216  9 18 189  
$ 35,000 - 44,999 206  9 22 175  
$ 45,000 - 54,999 181  15 13 153  
$ 55,000 - 64,999 146  5 12 129  
$ 65,000 - 74,999 117  5 3 109  
$75,000 - 99,999 265  6 17 242  
$ 100,000 and 
Over 574  11 45 518  
Refused 55  4 2 49  
Don't know 23  1 2 20 
Total 2294  99 204 1991 
       
Measurement of Effect Modifiers 
 In this project, we measured alcohol use by the self-reported average number of 
alcoholic drinks consumed each day over the previous year. Based on previous research, 
these reported averages were then categorized into four categories:  none (0 drinks), light 
(1 - 2 drinks), moderate (2 – 4 drinks), and heavy (> 4 drinks) consumption. 
Categorization allowed us to examine the potential benefits of light alcohol use noted by 
some researchers as well as the detrimental effects of heavy alcohol use on bone health 
seen in previous research.  
 We measured amount of sleep by the self-reported amount of sleep that 
participants typically had on weekdays. Based on previous research, these reported 
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amounts were categorized into three categories: below average (1 – 6 hours), average (6 – 
9 hours), and above average sleep (> 9 hours). These categories allowed us to evaluate 
potential associations between sleep deprivation as well as excess sleep and bone health. 
Participants reported both of these measurements during the questionnaire portion of 
NHANES.  
Measurement of Confounders 
 Potential confounders were measured using data collected in the laboratory and 
questionnaire sections of NHANES. Intake of calcium, phosphorus, and vitamin D were 
measured using the 24-hour dietary recall similarly to caffeine, using the average mg/day 
of each nutrient that each participant consumed.  The first dietary recall was taken in 
person while the second dietary recall was completed three to ten days later via 
telephone. Physical activity was measured using three levels of activity: high, medium, 
and light activity. NHANES measured exercise by self-reported vigorous and moderate 
recreational activity. Vigorous activity is defined by NHANES as at least 10 minutes of 
activity that causes large increases in breathing or heart rate. Moderate activity is defined 
by NHANES as at least 10 minutes of activity that causes small increases in breathing or 
heart rate. Each activity level was assigned a recommended Metabolic Equivalent (MET) 
score by NHANES. MET is the ratio of an individual’s metabolic rate during an activity 
compared to that individuals resting metabolic rate and is used to express physical 
activity intensity (WHO, 2019). Vigorous activity received a MET score of 8.0 and 
moderate activity received a MET score of 4.0. Participants reported the number of 
minutes in a typical day that they participated in vigorous and/or moderate physical 
activity as well as the number of days they participated in vigorous or moderate activity 
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in a given week.  Participants who did not report their minutes of activity were given 0 
minutes of a given activity level in place of the missing value to allow for full calculation 
of MET weekly minutes. Participants who did not report their number of days of activity 
were given a value of 1 for number of days of activity in place of missing values. An 
indicator variable was created in order to keep track of any participants who did not 
report minutes of activity and/or days of activity. This was done to ensure that missing 
data would not affect the calculation, as reported minutes of each activity level were 
multiplied by the reported number of day for each activity level. This allowed us to 
calculate weekly minutes of each activity level. MET scores were multiplied by the 
weekly number of minutes of each respective activity to calculate weekly MET minutes 
for each level. The two weekly MET minutes for each level were added together in order 
to calculate each participants total weekly MET minutes of activity. These total MET 
minutes were broken down into activity levels based on recommendations by the WHO. 
High activity levels included individuals who participated in more than 1,200 minutes of 
weekly MET activity. Those who participated in 600 – 1,200 minutes of weekly MET 
activity were categorized into the moderate activity level. Those who participated in less 
than 600 minutes of weekly MET activity became part of the light activity level. Any 
participants who did not report values for minutes of activity or days of activity were 
removed from analysis. 
 Smoking status was measured by categorizing participants into three categories: 
never smoker, former smoker, and current smoker. Participants were sorted into each 
category based on responses to two questions about smoking behavior. The first question 
asked if the participant had smoked at least 100 cigarettes in their lifetime and the second 
	 25 
asked if the person currently smoked cigarettes. Any participant who responded ‘yes’ to 
being a current smoker was put into the current smoker category. Individuals in the never 
smoker group had not smoked 100 cigarettes in their life and were not current smokers. 
Participants in the former smoker group had smoked 100 cigarettes in their life and were 
not current smokers. Race/ethnicity of participants was self-reported and categorized into 
one of five categories: Mexican American, Other Hispanic, Non-Hispanic White, Non-
Hispanic Black, and Other Race (including multi-racial). Arthritis was measured by self-
reported diagnosis of arthritis by a doctor or other health professional. All forms of 
arthritis were considered in this project including osteoarthritis or degenerative arthritis, 
rheumatoid arthritis, psoriatic arthritis, as well as other unspecified forms. Self-reported 
age and gender were included as covariates in multivariable models.  
Statistical Analysis 
 First pairwise analyses were conducted to determine whether the distribution of 
outcome variables and potential confounders differed according to exposure level. 
Statistical significance of differences in distribution by exposure category were 
determined using t-tests, ANOVA, or chi-square tests as appropriate.  
We used logistic regression models to determine whether there were independent 
and joint (interacting) associations between caffeine, alcohol use, and sleep and bone 
health, separately for spine BMD and femur BMD, while controlling for key 
confounders. Logistic regression analysis was used for the BMD variable with two levels, 
Low BMD and Normal BMD. Multinomial logistic regression was used to determine the 
associations using three-level outcome variables: Normal BMD, Low BMD, and 
Osteoporosis. Both multinomial logistic regression and simple logistic regression model 
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covariate selection were done using a change-in estimate procedure.  First, we estimated 
the association between caffeine intake and BMD in a model containing all key exposure 
variables and potential covariates. We used backward selection methods to remove 
variables one at a time based on their p-values presented in the model and re-ran the 
model. We then compared the point estimate of the association between caffeine intake 
and BMD with that of the previous model and if there was a less than 10% change in the 
point estimate, we used the reduced model. We repeated this process until all remaining 
variables in the model had p-values smaller than 0.05. Once the appropriate models were 
determined, interaction was assessed. We evaluated the interaction between caffeine, 
sleep, and alcohol by including two-way and three-way interaction terms in the 
regression models. Interactions found to be significant (p-values < 0.05) were considered 
indicative of effect modification. If interaction was found, we then conducted separate 
analysis of the association between caffeine and BMD stratified by the significant effect 
modifier(s). Example formulas for each regression model are shown below. All statistical 
analyses were done using SAS 9.4.  
Model Formulas: 
Logistic Regression BMD (Basic): 
Logodds = B0 + B1(Caffeine) + B2(Alcohol) + B3(Sleep) + B4(Race) + 
B5(smoking) + B6(phosphorus intake) 
 
Logistic Regression BMD (Interaction): 
Logodds = B0 + B1(Caffeine) + B2(Alcohol) + B3(Sleep) + 
B4(Caffeine)(Alcohol) + B5(Caffeine)(Sleep) + B6(Sleep)(Alcohol) 
+ B6(Caffeine)(Alcohol)(Sleep)  
 
Multinomial Logistic Regression BMD (Basic): 
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Logodds = B0(Low BMD) + B0(Osteoporosis) + B1(Low BMD)(Caffeine) 
+ B1(Osteoporosis)(Caffeine) + B2(Low BMD)(Alcohol) + 
B2(Osteoporosis)(Alcohol) + B3(Low BMD)(Sleep) + 
B3(Osteoporosis)(Sleep) 
 
As needed, we used stratification to explore if any associations differed across 
different levels of the variables of interest including presence of arthritis, self-reported 
race, and self-reported gender.   
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Chapter Four: Results  
 
Spine Bone Mineral Density 
 When conducting analysis for spine bone mineral density (BMD), only logistic 
regression was used as no individuals in the sample qualified for the osteoporosis level of 
BMD. This resulted in the multinomial logistic regression producing identical results to 
those from the logistic regression analysis. Therefore, all results pertaining to the spine 
BMD are based on the two-level categorization: Low BMD and Normal BMD.  
 Initial comparisons of factors of interest and spine BMD were done using Chi-
square tests. Similar comparisons using Chi-square tests were done with any potential 
covariates to determine any factors that should be included in the initial model. As seen 
in Table 3.1, individuals who heavily used alcohol were more likely to have low BMD 
compared to those who moderately used alcohol. Both caffeine consumption and amount 
of sleep did not have statistically significant differences in BMD across levels of each 
variable. Smoking status was the only potential covariate for which spine BMD did not 
vary significantly across categories. However, we retained smoking status in the final 
multivariable model since previous research has shown evidence of a relationship 
between bone health and smoking. Therefore, our initial logistic regression model for 
spine BMD as predicted by caffeine consumption, alcohol use, and amount of sleep 
included age group, race, gender, vitamin D intake, calcium intake, phosphorus intake, 
activity level, and smoking status.
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After conducting backward selection methods, the final logistic regression model 
included age group, gender, race/ethnicity, and smoking status as covariates.  
 
Table 3.1: Chi-Square results comparing factors of interests and potential 
covariates with spine BMD   
  Spine Bone Mineral Density (BMD) 
 
Total 
Participants Low BMD % 
Normal 
BMD % p-value 
Caffeine Categories       
0 mg 117 6 3.8% 111 4.9% - 
0 - 100 mg 919 64 40.5% 855 38.1% - 
100 - 200 mg 607 39 24.7% 568 25.3% - 
200 - 300 mg 393 26 16.5% 367 16.3% - 
300+ mg 369 23 14.6% 346 15.4% - 
Total 2405 158  2247  0.9489 
Alcohol Categories       
Light 1011 84 53.2% 927 41.3% - 
Moderate 994 51 32.3% 943 41.9% - 
Heavy 400 23 14.6% 377 16.8% - 
Total 2405 158  2247  0.0125 
Sleep Categories       
Below Average 332 23 14.6% 309 13.8% - 
Average 1934 122 77.2% 1812 80.6% - 
Above Average 139 13 8.2% 126 5.6% - 
Total 2405 158  2247  0.3609 
Age Group (years)       
40 - 49 995 27 17.1% 968 43.1% - 
50 - 59 629 39 24.7% 590 26.3% - 
60 - 69 498 52 32.9% 446 19.9% - 
70 - 79 205 26 16.5% 179 7.9% - 
80 or older 78 14 8.9% 64 2.9% - 
Total 2405 158  2247  <0.0001 
Race/Ethnicity       
Mexican American 372 30 18.9% 342 15.2% - 
Non-Hispanic Black 433 13 8.2% 420 18.7% - 
Non-Hispanic White 1190 73 46.2% 1117 49.7% - 
Other Hispanic 229 25 15.8% 204 9.1% - 
Other Race or Multi-
Racial 181 17 10.8% 164 7.3% - 
Total 2405 158  2247  0.0005 
Gender       
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Male 1200 45 28.5% 1155 51.4% - 
Female 1205 113 71.5% 1092 48.6% - 
Total 2405 158  2247  <0.0001 
Activity Level       
Light 746 62 72.9% 684 59.3% - 
Moderate 201 10 11.8% 191 16.6% - 
High 292 13 15.3% 279 24.2% - 
Total 2405 85  1154  0.0445 
Smoking Status       
Current 477 35 22.2% 442 19.7% - 
Former 680 39 24.7% 641 28.5% - 
Never 1248 84 53.2% 1164 51.8% - 
Total 2405 158  2247  0.5267 
Average Vitamin D 
(mg/day) 2405 4851.90 - 4981.31 - - 
Average Calcium 
(mg/day) 2405 884.44 - 927.82 - - 
Average Phosphorus 
(mg/day) 2405 1258.06 - 1374.86 - - 
  
Adjusted odds ratios (ORs) and their respective 95% confidence intervals (CI) for low 
spine BMD are presented in Table 3.2. There was a trend of increasing odds of low spine 
BMD as caffeine amount increased and a similar trend seen as alcohol intake increased 
and sleep amount increased. 
Table 3.2: Adjusted odds ratios (OR) and 95% confidence intervals (CI) for low 
spine bone mineral density (BMD) 
Variable OR 95% CI  
    
Caffeine Category    
(ref = 0) - -  
0-100 0.95 0.39 - 2.35  
100-200 0.99 0.39 - 2.51  
200-300 1.03 0.39 - 2.72  
300+ 1.13 0.42 - 3.07  
Alcohol Category    
(ref = light) - -  
Moderate 0.93 0.63 - 1.38  
Heavy 1.34 0.76- 2.36  
Sleep Category    
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(ref = average) - -  
Below Average 1.04 0.64 - 1.69  
Above Average 1.40 0.74 - 2.65  
Age Group    
(ref = 40-49) - -  
50-59 2.78 1.67 - 4.63  
60-69 5.00 3.04 - 8.23  
70-79 7.24 3.98 - 13.17  
80+ 12.12 5.66 - 25.97      
Gender    
(ref = male) - -  
Female 3.14 2.12 - 4.63  
Race Category    
(ref = Non-Hispanic White) - -  
Mexican American 1.82 1.12 - 2.97  
Non-Hispanic Black 0.52 0.27 - 0.99  
Other Hispanic 2.23 1.32 - 3.76  
Other Race – Multi Race 2.25 1.24 - 4.08  
Smoking Status    
(ref = Never) - -  
Current 1.60 1.00 - 2.56  
Former 0.73 0.48 - 1.12  
When assessing the interaction, results showed  no statistically significant 
interactions between caffeine and sleep, caffeine and alcohol, or between caffeine, 
alcohol, and sleep in relation to spine BMD. There was a significant interaction seen 
between alcohol and sleep. These results can be seen in Table 3.3. Table 3.4 shows the 
adjusted ORs and 95% CIs for the stratified analyses between alcohol and sleep. The 
interactions between heavy alcohol use and below average sleep and between heavy 
alcohol use and average sleep could not be estimated due to low frequencies in these 
categories for those with low BMD. Therefore, it is likely that the statistically significant 
results for the interaction are due to the low frequency of participants in the strata and the 
high variability of estimates associated with low frequency. Further stratification did not 
reveal evidence of significant differences in the effect of caffeine on BMD by different 
levels of alcohol and sleep. 
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Table 3.3: P-values for the interaction analysis 
for spine BMD     
Interaction p-value   
Caffeine-Alcohol 0.7465   
Caffeine-Sleep 0.2033   
Alcohol-Sleep 0.0177   
Caffeine-Alcohol-Sleep 0.8911 
    
 
 
Table 3.4: Adjusted odds ratios (OR) and 95% confidence intervals 
(CI) for the interaction between alcohol and sleep for spine BMD  
    
 Sleep Categories 
    
  Below Average Average Above Average 
    
Alcohol 
Categories    
Light 1.49 (0.53, 4.22) ref 0.65 (0.15, 2.92) 
Moderate 0.66 (0.23, 1.87) 1.49 (0.53, 4.22) 1.53 (0.34, 6.88) 
Heavy not estimable not estimable 3.02 (0.59, 15.45) 
        
  
 
Femur Bone Mineral Density – Two Categories  
 When conducting analysis for femur BMD using two-level categorization, 
participants were categorized as either having low BMD or normal BMD. Logistic 
regression was used for analysis.  
 Initial comparisons of factors of interest and femur BMD were done using Chi-
square tests. Comparisons using Chi-square tests were also done with any potential 
covariates to determine which factors that should be included in the initial model. As 
seen in Table 3.5, individuals who moderately used alcohol were more likely to have low 
BMD compared to those who heavily used alcohol. Both caffeine consumption and 
amount of sleep did not have statistically significant differences in BMD across levels of 
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each variable. Smoking status was the only potential covariate for which femur BMD did 
not vary significantly across categories.  However, we retained smoking status in the final 
multivariable model since previous research has shown evidence of a relationship 
between bone health and smoking. Therefore, our initial logistic regression model for 
dichotomous femur BMD as predicted by caffeine consumption, alcohol use, and amount 
of sleep included age group, race, gender, vitamin D intake, calcium intake, phosphorus 
intake, activity level, and smoking status.  
Table 3.5: Chi-Square results comparing factors of interests and potential 
covariates with femur BMD at two levels   
  Femur Bone Mineral Density (BMD) 
  
Total 
Participants 
Low 
BMD % 
Normal 
BMD % p-value 
Caffeine Categories       
0 mg 117 16 5.1% 101 4.8% - 
0 - 100 mg 919 121 38.5% 798 38.2% - 
100 - 200 mg 607 83 26.4% 524 25.1% - 
200 - 300 mg 393 51 16.2% 342 16.4% - 
300+ mg 369 43 13.7% 326 15.6% - 
Total 2405 314  2091  0.9252 
Alcohol Categories       
Light 1011 171 54.5% 840 40.2% - 
Moderate 994 106 33.8% 888 42.5% - 
Heavy 400 37 11.8% 363 17.4% - 
Total 2405 314  2091  <0.0001 
Sleep Categories       
Below Average 332 48 15.3% 284 13.6% - 
Average 1934 248 79.0% 1686 80.6% - 
Above Average 139 18 5.7% 121 5.8% - 
Total 2405 314  2091  0.7159 
Age Group (years)       
40 - 49 995 68 21.7% 927 44.3% - 
50 - 59 629 70 22.3% 559 26.7% - 
60 - 69 498 96 30.6% 402 19.2% - 
70 - 79 205 50 15.9% 155 7.4% - 
80 or older 78 30 9.6% 48 2.3% - 
Total 2405 314  2091  <0.0001 
Race/Ethnicity       
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Mexican American 372 36 11.5% 336 16.1% - 
Non-Hispanic Black 433 48 15.3% 385 18.4% - 
Non-Hispanic White 1190 178 56.7% 1012 48.4% - 
Other Hispanic  229 32 10.2% 197 9.4% - 
Other Race or Multi-Racial 181 20 6.4% 161 7.7% - 
Total 2405 314  2091  0.0435 
Gender       
Male  1200 53 16.9% 1147 54.9% - 
Female 1205 261 83.1% 944 45.1% - 
Total 2405 314  2091  <0.0001 
Activity Level       
Light 746 115 74.2% 631 58.2% - 
Moderate 201 15 9.7% 186 17.2% - 
High  292 25 16.1% 267 24.6% - 
Total 2405 155  1084  0.0007 
       
Smoking Status       
Current 477 68 21.7% 409 19.6% - 
Former 680 88 28.0% 592 28.3% - 
Never 1248 158 50.3% 1090 52.1% - 
Total 2405 314  2091  0.6754 
Average Vitamin D 
(mg/day) 2405 4569.27 - 5033.41 - - 
Average Calcium 
(mg/day) 2405 865.40 - 933.92 - - 
Average Phosphorus 
(mg/day) 2405 1208.34 - 1391.04 - - 
         
After conducting backward selection methods, the final logistic regression model 
included age group, gender, race, and smoking status as covariates. Despite not being 
statistically significantly associated with femur BMD, race was included in the model 
since removing race resulted in poorer model fit overall. ORs and their respective 95% 
CIs are presented in Table 3.6. The odds of having low BMD remained consistent as 
caffeine increased. Increased odds were observed with heavy alcohol use and decreased 
odds was observed with above average sleep amount, though CIs included the null value.  
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Table 3.6: Adjusted odds ratios (OR) and 95% confidence intervals (CI) for low femur 
BMD 
Variable OR 95% CI   
Caffeine Category    
(ref = 0) - -  
0-100 0.65 0.35 - 1.20  
100-200 0.74 0.39 - 1.39  
200-300 0.71 0.36 - 1.39  
300+ 0.67 0.33 - 1.35  
Alcohol Category    
(ref = light) - -  
Moderate 0.95 0.70 - 1.26  
Heavy 1.41 0.90 - 2.22  
Sleep Category    
(ref = average) - -  
Below Average 1.11 0.77 - 1.61  
Above Average 0.75 0.43 - 1.33  
Age Group    
(ref = 40-49) - -  
50-59 1.98 1.37 - 2.84  
60-69 4.08 2.85 - 5.84  
70-79 6.44 4.10 - 10.10  
80+ 13.51 7.36 - 24.82  
Gender    
(ref = male) - -  
Female 7.42 5.32 - 10.37  
Race Category    
(ref = Non-Hispanic White) - -  
Mexican American 0.79 0.52 - 1.21  
Non-Hispanic Black 0.73 0.49 - 1.08  
Other Hispanic 0.97 0.62 - 1.52  
Other Race – Multi Race 0.96 0.56 - 1.65  
Smoking Status    
(ref = Never) - -  
Current 1.73 1.20 - 2.48  
Former 0.94 0.69 - 1.28  
        
 
When assessing interaction, results showed no statistically significant interaction 
between caffeine and alcohol use, between caffeine and sleep, between alcohol and sleep, 
or between caffeine, alcohol, and sleep. These results are shown in Table 3.7. Further 
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stratification did not reveal evidence of significant differences in the effect of caffeine on 
BMD by different levels of alcohol and sleep. 
Table 3.7: P-values for the interaction 
analysis for femur BMD     
Interaction p-value   
Caffeine-Alcohol 0.3768   
Caffeine-Sleep 0.7951   
Alcohol-Sleep 0.0836   
Caffeine-Alcohol-Sleep 0.2112 
    
 
Femur Bone Mineral Density – Three Categories  
 When conducting analysis for femur BMD using three-level categorization, 
participants were categorized as either having osteoporosis level BMD, low BMD or 
normal BMD. Multinomial logistic regression was used as the primary analysis 
technique. Initial comparisons of factors of interest and femur BMD were done using 
Chi-square tests. Comparisons using Chi-square tests were also done with any potential 
covariates to determine which factors that should be included in the initial model. As 
seen in Table 3.8, individuals who moderately used alcohol were more likely to have low 
BMD compared to those who heavily used alcohol. Individuals who moderately used 
alcohol were also more likely to have osteoporotic level BMD compared to those who 
heavily used alcohol. Both caffeine consumption and amount of sleep did not have 
statistically significant differences in BMD across levels of each variable. Smoking status 
was the only potential covariate for which femur BMD did not vary significantly across 
categories. However, we retained smoking status in the final multivariable model since 
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previous research has shown evidence of a relationship between bone health and 
smoking.  
Table 3.8: Chi-Square results comparing factors of interest and potential covariates 
with femur BMD at three levels  
  Femur Bone Mineral Density (BMD) 
  
Total 
Partici
pants 
Osteop
orosis % 
Low 
BMD % 
Normal 
BMD % 
p-
value 
Caffeine 
Categories         
0 mg 117 10 9.8% 6 2.8% 101 4.8% - 
0 - 100 mg 919 39 38.2% 82 38.7% 798 38.2% - 
100 - 200 
mg 607 22 21.6% 61 28.8% 524 25.1% - 
200 - 300 
mg 393 18 17.7% 33 15.6% 342 16.4% - 
300+ mg 369 13 12.8% 30 14.2% 326 15.6% - 
Total 2405 102  212  2091  0.3041 
Alcohol 
Categories         
Light 1011 46 45.1% 125 58.9% 840 40.2% - 
Moderate 994 42 41.2% 64 30.2% 888 42.5% - 
Heavy 400 14 13.7% 23 10.9% 363 17.4% - 
Total 2405 102  212  2091  
<0.000
1 
Sleep 
Categories         
Below 
Average 332 20 19.6% 28 13.2% 284 13.6% - 
Average 1934 75 73.5% 173 81.6% 1686 80.6% - 
Above 
Average 139 7 6.7% 11 5.2% 121 5.8% - 
Total 2405 102  212  2091  0.4622 
Age Group 
(years)         
40 - 49 995 31 30.4% 37 17.5% 927 44.3% - 
50 - 59 629 20 19.6% 50 23.6% 559 26.7% - 
60 - 69 498 32 31.4% 64 30.2% 402 19.2% - 
70 - 79 205 16 15.7% 34 16.0% 155 7.4% - 
80 or older 78 3 2.9% 27 12.7% 48 2.3% - 
Total 2405 102  212  2091  
<0.000
1 
Race/Ethni
city         
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Mexican 
American 372 11 10.8% 25 11.8% 336 16.1% - 
Non-
Hispanic 
Black 433 35 34.3% 13 6.1% 385 18.4% - 
Non-
Hispanic 
White 1190 46 45.1% 132 62.3% 1012 48.4% - 
Other 
Hispanic  229 7 6.9% 25 11.8% 197 9.4% - 
Other Race 
or Multi-
Racial 181 3 2.9% 17 8.0% 161 7.7% - 
Total 2405 102  212  2091  
<0.000
1 
Gender         
Male  1200 78 76.5% 183 86.3% 944 45.2% - 
Female 1205 24 23.5% 29 13.7% 1147 54.9% - 
Total 2405 102  212  2091  
<0.000
1 
Activity 
Level         
Light 746 27 75.0% 88 73.9% 631 58.2% - 
Moderate 201 6 16.7% 9 7.6% 186 17.2% - 
High  292 3 8.3% 22 18.5% 267 24.6% - 
Total 2405 36  119  1084  0.0018 
Smoking 
Status         
Current 477 25 24.5% 43 20.3% 409 19.6% - 
Former 680 33 32.4% 55 25.9% 592 28.3% - 
Never 1248 44 43.1% 114 53.8% 1090 52.1% - 
Total 2405 102  212  2091  0.4187 
Average 
Vitamin D 
(mg/day) 2405 
4218.6
3 - 
4737.
97 - 
5033.4
1 - - 
Average 
Calcium 
(mg/day) 2405 854.45 - 
477.3
9 - 933.92 - - 
Average 
Phosphorus 
(mg/day) 2405 
1225.7
8 - 
1199.
95 - 
1391.0
4 - - 
                  
After conducting backward selection methods, the final multinomial logistic 
regression model included age group, gender, race, and smoking status as covariates.  
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 ORs and their respective 95% CIs are presented in Table 3.9. For osteoporosis level 
BMD, there was a consistent effect across caffeine levels. There was a suggestion of 
increased odds with heavy alcohol use. For low BMD, there was a consistent null 
association across most caffeine levels with the exception of a suggestion of increased 
odds when caffeine intake was between 100-200 mg/day. There was a suggestion of 
increased odds with heavy alcohol use and a suggestion of decreased odds with above 
average sleep amount. 
Table 3.9: Adjusted odds ratios (OR) and 95% confidence intervals (CI) for femur 
BMD by BMD category   
 
Osteoporosis Level 
BMD   Low BMD  
Variable OR 95% CI   OR 95% CI  
Caffeine Category        
(ref = 0)        
0-100 0.48 0.22 - 1.04   0.98 0.38 - 2.50  
100-200 0.46 0.20 - 1.07   1.21 0.46 - 3.13  
200-300 0.63 0.26 - 1.57   0.98 0.36 - 2.64  
300+ 0.48 0.18- 1.26   1.02 0.37 - 2.80  
Alcohol Category        
(ref = light)        
Moderate 1.12 0.71 - 1.78   0.88 0.62 - 1.26  
Heavy 1.31 0.65 - 2.66   1.50 0.86 - 2.61  
Sleep Category        
(ref = average)        
Below Average 1.33 0.78 - 2.27   0.97 0.61 - 1.55  
Above Average 1.01 0.43 - 2.33   0.63 0.31 - 1.29  
Age Group        
(ref = 40-49)        
50-59 0.97 0.53 - 1.75   2.87 1.82 - 4.54  
60-69 2.11 1.21 - 3.70   5.73 3.61 - 9.10  
70-79 3.22 1.59 - 6.53   9.18 5.20 - 16.20  
80+ 2.12 0.58 - 7.77   28.17 
13.83 - 
57.39  
Gender        
(ref = male)        
Female 4.08 2.48 - 6.71   10.35 6.65 - 16.09  
Race Category        
(ref = Non-Hispanic 
White)        
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Mexican American 0.85 0.42 - 1.72   0.80 0.49 - 1.31  
Non-Hispanic Black 1.87 1.10 - 3.19   0.27 0.14 - 0.51  
Other Hispanic 0.86 0.37 - 2.00   1.03 0.62 - 1.71  
Other Race – Multi 
Race 0.53 0.16 - 1.77   1.20 0.66 - 2.16  
Smoking Status        
(ref = Never)        
Current 1.59 0.90 - 2.78   1.86 1.19 - 2.89  
Former 1.22 0.74 - 1.99   0.82 0.56 - 1.20  
Arthritis         
(ref = no)        
Yes 2.27 1.46 - 3.51   0.75 0.53 - 1.07  
                
When assessing interaction, results showed no statistically significant interaction 
between caffeine and sleep, between caffeine and alcohol, between alcohol and sleep or 
between caffeine, alcohol use, and sleep. These p-values for interaction results are shown 
in Table 3.10. Further stratification did not reveal evidence of significant differences in 
the effect of caffeine on BMD by different levels of alcohol and sleep. 
Table 3.10: P-values for interaction analysis for three levels 
of femur BMD    
 
Osteoporosis 
Level BMD Low BMD 
Interaction p-value p-value    
Caffeine-Alcohol 0.2450 0.7936    
Caffeine-Sleep 0.2231 0.5173    
Alcohol-Sleep 0.2025 0.1796    
Caffeine-Alcohol-
Sleep 0.1411 0.5826 
      
Secondary Analyses 
 Linear regression was used to determine potential linear relationships between 
caffeine consumption, alcohol use, and amount of sleep and spine BMD, femur BMD, as 
well as fracture risk, measured using FRAX scores.  
 For femur BMD, the final linear regression model included caffeine, alcohol, 
sleep, race, gender, age, and smoking status. In this model, for every 100 mg increase in 
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caffeine use, femur BMD decreased by 0.01 g/cm2. This analysis found that femur BMD 
decreased as alcohol use increased and as amount of sleep increased. These results are 
shown in Table 3.11. A graph of this model is shown in Figure 3.1. 
Table 3.11: Linear regression results for femur BMD and spine BMD adjusted for age, 
gender, race, and smoking status.  
       
 Femur BMD  Spine BMD  
Variable Estimate p-value  Estimate p-value   
Intercept 1.3896 <0.0001  1.1951 <0.0001  
Caffeine Category -0.0001 0.0004  0.0000  0.8802  
Alcohol Category -0.0012 0.4132  0.0008 0.5825  
Sleep Category -0.0012 0.5817  0.0022 0.3290  
       
 
For spine BMD, the final linear regression model included caffeine, alcohol, 
sleep, race, gender, and age. In this model, there were no changes seen in spine BMD as 
caffeine intake increased. Spine BMD appeared to increase as alcohol use increased and 
Figure 3.1: Linear model of femur BMD by average caffeine intake (mg) 
with 95% confidence limits and prediction limits 
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amount of sleep increased. These results are shown in Table 3.11. This model is 
graphically demonstrated in Figure 3.2.   
 
FRAX score information was only available for the 2013-2014 NHANES survey. 
FRAX scores were calculated in order to measure the estimated 10-year risk of a major 
fracture and the 10-year risk of a hip fracture. These risks were calculated while 
accounting for any previous fractures. Linear regression was done for each of the four 
FRAX scores assessed by NHANES. The final model for the estimated 10-year risk of 
hip fracture given that a person had a previous fracture included caffeine, alcohol, sleep, 
gender, age, calcium intake, and smoking status. In this model, for every 100 mg increase 
in caffeine, the 10-year risk of hip fracture increased by 8% for those who had a previous 
fracture. The 10-year risk of hip fracture increased as alcohol use increased and as 
Figure 3.2: Linear model of spine BMD by average caffeine intake (mg) with 
95% confidence limits and prediction limits 
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amount of sleep increased. These results can be seen in Table 3.12. A graph of this model 
is shown in Figure 3.3. 
Table 3.12: Linear regression results for hip FRAX scores based on previous 
fracture status adjusted for age, gender, calcium intake, phosphorus intake, 
and smoking status. 
      
 No Previous Fracture  Previous Fracture 
Variable Estimate p-value   Estimate p-value 
Intercept -4.0710 <.0001  -6.4643 <.0001       
Caffeine 
Category 0.0004 0.1538  
0.0008 0.0570 
      
Alcohol 
Category -0.0005 0.9857  
0.0168 0.6394 
      
Sleep 
Category 0.0336 0.3426  
0.0493 0.3038 
            
      
 
 
 
The final model for the estimated 10-year risk of hip fracture given that a person 
did not have a previous fracture included caffeine, alcohol, sleep, gender, age, calcium 
Figure 3.3: Linear model of 10-year risk of hip fracture (FRAX) for 
those who had a previous fracture by average caffeine intake (mg) 
with 95% confidence limits and prediction limits 
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intake, phosphorus intake, and smoking status. In this model, for every 100 mg increase 
in caffeine, the 10-year risk of hip fracture increased by 4% for those who did not have a 
previous fracture. The 10-year risk of hip fracture decreased as alcohol use increased and 
the 10-year risk of hip fracture increased as amount of sleep increased. A graph of this 
model is shown in Figure 3.4  
 
The final model for the estimated 10-year risk of a major fracture given that a 
person did have a previous fracture included caffeine, alcohol, sleep, gender, age, 
calcium intake, and presence of arthritis. In this model, for every 100 mg increase in 
caffeine, the 10-year risk of major osteoporotic fracture increased by 51% for those who 
had a previous fracture. The 10-year risk of major osteoporotic fracture increased as 
alcohol use increased and the 10-year risk of hip fracture increased as amount of sleep 
increased.  These results are shown in Table 3.13. A graph of this model is shown in 
Figure 3.5. 
  
Figure 3.4: Linear model of 10-year risk of hip fracture (FRAX) 
for those without a previous fracture by average caffeine intake 
(mg) with 95% confidence limits and prediction limits 
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Table 3.13: Linear regression results for major osteoporotic FRAX scores based on 
previous fracture status adjusted for age, gender, calcium intake, smoking, and 
arthritis.  
 
No Previous Major 
Fracture  Previous Major Fracture  
Variable Estimate p-value  Estimate p-value   
Intercept -12.1016 <0.0001  -17.8363 <0.0001  
Caffeine Category 0.0030 <0.0001  0.0051 <0.0001  
Alcohol Category -0.0157 0.7730  0.0197 0.7848  
Sleep Category 0.1536 0.0327  0.1720 0.0889  
             
       
 
Lastly, the final model for the estimated 10-year risk of a major fracture given 
that a person did not have a previous fracture included caffeine, alcohol, sleep, age, 
calcium intake, smoking status, and presence of arthritis. As shown in Table 3.13, for 
every 100 mg increase in caffeine, the 10-year risk of major osteoporotic fracture 
increased by 30% for those who did not have a previous fracture. The 10-year risk of hip 
Figure 3.5: Linear model of 10-year risk of major fracture (FRAX) for those 
who had a previous fracture by average caffeine intake (mg) with 95% 
confidence limits and prediction limits 
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fracture increased by 15% for every 1 hour increase in amount of sleep. Major fracture 
risk decreased as alcohol use increased. This model is demonstrated in Figure 3.6.  
 
Interaction analysis for the linear models was done for caffeine consumption and 
alcohol use, alcohol use and sleep, caffeine consumption and sleep, and for three-way 
interaction. There was no evidence of statistically significant interactions in any of the 
linear models. Further stratification did not reveal evidence of significant differences in 
the effect of caffeine on BMD by different levels of alcohol and sleep. The results are 
shown in Table 3.14. 
Table 3.14: P-values for interaction analysis for all linear regression models  
     
Hip FRAX 
 
Major Osteoporotic 
FRAX 
 
Spine 
BMD  
Femur 
BMD  
Previous 
Fracture 
No 
Previous 
Fracture  
Previous 
Fracture 
No 
Previous 
Fracture 
Caffeine - 
Alcohol 0.8319  0.3190  0.2376 0.5863  0.2498 0.1526 
Figure 3.6: Linear model of 10-year risk of major fracture (FRAX) for those who 
did not have a previous fracture by average caffeine intake (mg) with 95% 
confidence limits and prediction limits 
 
	 47 
Caffeine - Sleep 0.1510  0.8525  0.2010 0.4350  0.5046 0.6086 
Alcohol - Sleep 0.8541  0.6130  0.6315 0.9255  0.5668 0.2935 
Caffeine - 
Alcohol - Sleep 0.9429  0.5832  0.1293 0.3292  0.8238 0.3194 
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Chapter Five: Discussion  
 
 This project aimed to assess the association between caffeine consumption, 
alcohol use, and amount of sleep as well as any potential interactions of these factors and 
bone health. We found that when analyzing potential associations with categorical 
measures of bone health (i.e., low BMD, osteoporosis), there was no evidence of any 
statistically significant associations between caffeine and bone health, alcohol and bone 
health, or amount of sleep and bone health after adjusting for key potential confounders. 
All results for interactions between these factors were also found to be statistically 
insignificant. 
 While our categorical analysis did not find evidence of association between 
caffeine and bone health, our linear regression models suggested that greater caffeine 
intake was associated with lower BMD and greater fracture risk. We found a statistically 
significant negative association between caffeine consumption and femur BMD. These 
results showed that with each 100 mg increase in caffeine consumption, femur bone 
mineral density decreases by 0.01 g/cm2. The lack of evidence found in the logistic 
regression models may be explained by the small decreases in femur BMD found in the 
linear models. The standard deviation of the referent population for femur BMD, which 
determined the cut-off points for each BMD category was about 0.17g/cm2. The 
decreases in BMD may be too slight to cause an individual to drop from the normal BMD 
category to the low BMD category or from the low BMD category to the osteoporosis 
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level category. These small changes could theoretically lead to a change in BMD 
category over time however, this study did not have the available data to look at long-
term effects of caffeine. Our linearity analysis also assessed the estimated 10-year 
fracture risk for major fractures and found that risk of a major fracture increased by 51% 
for each 100 mg increase in caffeine consumption for those who had a previous fracture. 
We also found that for those who did not have a previous fracture, major fracture risk 
increased by 30% for each 100 mg increase in caffeine consumption.  
 Like previous research, we found mixed results for the associations between bone 
health and caffeine consumption, alcohol use, and amount of sleep. We found variation in 
associations by body site, which had been documented by Hansen et al. (Hansen et al., 
2000). Our study showed an association between caffeine consumption and major 
osteoporotic fractures but no association between caffeine consumption and hip fracture 
whereas Hansen et al. primarily examined wrist and forearm scans (Hansen et al., 2000). 
We also saw differences across scan sites in regard to BMD. We found a linear 
association between caffeine consumption and femur BMD but not spine BMD. Research 
conducted by Hallstorm et al. also found conflicting results between caffeine 
consumption and BMD and between caffeine consumption and fractures, which we saw 
to some degree (Hallstorm et al., 2013). They found a negative effect between caffeine 
and BMD and no association between caffeine and fracture risk (Hallstorm et al., 2013). 
The present study found a negative linear association with caffeine use for femur BMD 
and no association for spine BMD and a positive linear association between caffeine use 
and major osteoporotic fracture risk and no association between caffeine use and hip 
fracture risk. Yuan et al. found a caffeine-BMD association in their study but no 
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association between caffeine and fracture (Yuan et al, 2019). We were not able to 
evaluate results of BMD scans and FRAX scores from the same scan sites as these data 
were not available in the NHANES data. We were not able to determine the fracture risk 
for the spine and femur, but we were able to evaluate the association between caffeine 
consumption and hip fracture risk and major osteoporotic fracture risk. Though they are 
not directly comparable, these risks do give new information into the relationship 
between caffeine and bone health.  
 This study has a number of limitations. First, we used cross-sectional data from 
NHANES surveys. This does limit this study’s determination of temporality as we could 
not determine if increased caffeine consumption is a predictor of low BMD or a potential 
result of low BMD. This study design also means that we could not distinguish between 
incidence of low BMD and prevalence of low BMD. Our results can, however, be applied 
to the general population, as NHANES is nationally representative of the population at 
the time of the surveys (2009-2010 and 2013-2014), which allow us insight into the US 
population aged 40 years or more at that time. Second, given the cross-sectional nature of 
NHANES data, we do not have information regarding long-term use of caffeine, alcohol, 
or sleep habits. Therefore, these results cannot give insights into the long-term or 
cumulative effects of caffeine on bone health. Lastly, we converted BMD, caffeine, 
alcohol, and sleep to categorical data. It is unclear whether the thresholds used to create 
categories are meaningful or whether they may obscure significant intra-category 
differences. However, many steps were taken to create effective categories. BMD 
categories were defined using guidelines set by the WHO (WHO, 2007). Caffeine 
categories were created based on the average amount of caffeine in a standard cup of 
	 51 
coffee as determined by the USDA, as many previous researchers used cups of coffee as 
their unit of measurement. Alcohol and sleep categories were created based on previous 
research conducted by Maurel et al., Gaddini et al., and Stone et al.  
 Even with these limitations, this study adds to the current literature surrounding 
the association between caffeine consumption, alcohol intake, and sleep duration in 
relation to bone health. Although our results are varied and the effects found indicate 
small changes in BMD and risk of fracture, these findings could help in the development 
of public health interventions aimed at reducing fracture risk or promoting bone health. 
Caffeine has become a daily addition to the lives of many people and use of caffeine is 
increasing every year (Cappelletti et al., 2015). More research is needed on the effects 
that increased caffeine intake may have on bone health, especially if this trend continues. 
Though we did not find evidence of a significant interaction between caffeine and 
alcohol, alcohol and sleep, caffeine and sleep, or caffeine, alcohol, and sleep, further 
research is needed into these relationships and what they could mean for bone health, 
especially over time.  Future research should continue to look at both BMD and fracture 
risk in different areas of the body. Research should also explore the effects of these 
factors in those younger than age 40 since we were unable to do so in this project. Since 
bone processes are different in younger individuals, caffeine, alcohol, and sleep may have 
different effects on bone health than in those aged 40 or older.  
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